ABSTRACT In this paper, we investigate a phase cancellation problem that occurs in tag-to-tag communication systems. These are the systems wherein several tags communicate with each other by backscattering an external constant wave signal. A transmitting tag modulates baseband information into the reflected signal using backscatter modulation. At the receiving tag, the received signal is the superposition of the transmitted signals by the carrier emitter and the transmitting tag. The resulting signal is demodulated using the envelope detector that causes the phase cancellation problem. This problem exists in all tag-to-tag communication systems and largely impacts on the reliability and communication range. We theoretically analyze and experimentally demonstrate this problem for the tags that use amplitude-shift keying-based backscattering. We propose an algorithm for the mitigation of the phase cancellation based on the phase rotation control. We examine the performance of the proposed algorithm through theoretical analysis and computer simulations. We confirm that the proposed algorithm can significantly mitigate the phase cancellation.
I. INTRODUCTION
In recent decades, the science behind the communication that occurs using reflected signals or backscatter has been studied [1] - [4] . This technique has seen widespread practical application in the form of Radio Frequency Identification (RFID) [5] . Furthermore, it is expected that the RFID technology will play a prominent role in enabling the Internet of Things (IoT), where physical objects will be connected to other objects and to the cyberspace. Typical backscatter RFID systems consist of an active reader that transmits a query signal and passive tags that communicate with the reader by reflecting part of this signal. This communication technique allows for tags that are very inexpensive and consume ultralow power. The backscatter tag should be simply designed with passive elements only that do not incur high circuit power consumption. Hence, the tags use an RF-envelope detector for decoding. The RF-envelop detector is a circuit that performs demodulation using the peak amplitude of the received signals. It consists of only passive components and consumes very low power. However, the RF-envelop detector cannot distinguish the phase of the waveform, which gives rise to a problem that multiple waveforms cannot be demodulated. This is called a phase cancellation problem.
We present a phase cancellation problem where the amplitude of the received symbols becomes indistinguishable in amplitude-shift keying (ASK) modulation-based tag-to-tag communication systems. The phase cancellation problem deteriorates decoding performance drastically. We design a low complexity and inexpensive algorithm that mitigates the phase cancellation.
Previous works study various backscatter models and solutions to mitigate the phase cancellation problem. In [6] and [7] , an FSK-modulation scheme based on a single antenna and an ASK-modulation scheme based on dual antenna in tag-to-tag communications are proposed, respectively. In [8] , the Wi-Fi backscatter technique using multiple antennas and power allocation scheme was proposed to obtain a higher data rate than conventional methods using single antenna. In [9] , Liu et al. proposed a novel ambient backscatter multiple-access system, where a receiver (Rx) simultaneously detects the signals transmitted from an active transmitter (Tx) and a backscatter tag. In [10] , Zhou and Griffin investigate phase-based composite ranging system that provides accurate and absolute distance estimates for backscatter radio frequency (RF) tags by combining the range estimates of a dual-frequency, continuous-wave (DFCW) and a continuous-wave (CW) radar. In [11] , Bletsas et al. explained about ultralow-power nature of backscatter radio, in conjunction with the recent advances in multiple access and achieved communication ranges, due to intelligent signal processing, last-mile connectivity, and Internet of Things (IoT) networking. In [12] - [14] , the proposed solutions use phaseshift-keying modulation with dual antenna. These previous studies have a certain disadvantage of the reduced data rate by solving the phase cancellation problem by transmitting the same signal twice. In [15] , the preamble code is used to distinguish the tags. This method is not a suitable solution to the phase cancellation problem because the preamble code cannot work when phase cancellation problem occurs. In [8] , to increase the data rate and solve the phase cancellation problem in backscatter communications, the optimal multi-level energy detector with the closed-form symbol error rate (SER) and the load impedance selection approach via the modulation constellation design were proposed. Kang et al. [8] proposed a method to find optimal modulation constellation by transmitting signals multiple times using 4-PSK, so it may not be appropriate in terms of energy efficiency for tag-to-tag communications. In [9] , a new and more realistic probability model of detecting a tag signal is proposed to address the problem of indoor localization with an augmented ultra-high-frequency radio frequency identification system. Liu et al. [9] states that handling the challenge of phase cancellation is the critical step for indoor localization since the proximity based localization method purely depends on the detection of proximal tags. Therefore, to mitigate the phase cancellation in tag-to-tag communications, we need a simple and efficient solution considering both information decoding and RF energy harvesting.
The main goal of this paper is to mitigate the phase cancellation problem and provide a methodology for calculating optimal phase that does not cause the phase cancellation and hardware examples that can realize the methodology under tag-to-tag communications using ASK modulation and a single antenna. To achieve this goal, we pursue the following three steps as contributions of this paper: 1) We propose the phase rotation control (PRC) algorithm to effectively mitigate the phase cancellation problem for the tag-to-tag communication systems using ASK modulation and a single antenna. The algorithm is designed not only to: 1-a) maximize the amplitude difference of the modulated signals to improve the bit-error rate (BER) performance, but also to: 1-b) maximize their amplitudes for efficient RF energy harvesting. Furthermore, we provide an example of the operation scenario for the proposed algorithm to provide clear understanding. 2) To satisfy both 1-a) and 1-b) simultaneously, we theoretically derive an amount of the phase delay to be shifted for the backscattered signal. The simulation results show that the phase cancellation is effectively mitigated when the calculated phase delay is applied through the proposed algorithm, and the algorithm is energy-efficient compared with that of the other solution from [12] . 3) A hardware design for implementation is proposed to apply the proposed algorithm to the conventional tag-to-tag communications practically. It aims to design a new backscatter tag to generate phase rotation by the calculated phase delay using low-power microcontroller unit (MCU) and the phase delay circuit.
The rest of this paper is organized as follows. Section II describes the phase cancellation problem in the tag-to-tag communication systems. The solution to mitigate the phase cancellation is proposed in Section III. The simulation results and conclusions are presented in Sections IV and V.
II. PROBLEM FORMULATION: PHASE CANCELLATION A. TAG-TO-TAG COMMUNICATION SYSTEM
In Fig. 1 , for simplicity, a tag-to-tag communication system with one carrier emitter (CE) and only two tags is depicted. The CE generates a continuous wave (CW) signal and the Tx tag T t backscatters this signal and performs backscatter modulation by alternating the load impedance between those associated with symbols ''0'' and ''1'' [15] - [19] .
The Rx tag T r receives the following two signals: the CW from the CE and the modulated ASK signal from T t . Depending upon the relative phase difference between the VOLUME 6, 2018 received CE and backscatter signals at T r , the composite amplitude may be similar for both symbols 0 and 1. When this occurs, the envelope detector is unable to detect the modulated backscatter signal even if T t is placed within the range of T r because of its weak signal strength; hence, the phase cancellation problem arises where the two tags cannot communicate [12] , [16] .
B. PHASE CANCELLATION WITH ASK MODULATION
When the system uses the ASK backscatter modulation, the tag alters the amplitude of the reflected signal in the 0 and 1 symbols. Furthermore, let A 0 t and A 1 t be the amplitudes of the received backscatter signal from T t in the two symbols, and let θ E and θ T t be the phases of the signals from the CE and T t to T r , respectively. θ T t will be the same for the 0 and 1 symbols.
From the geometry shown in Fig. 1 , the following expressions can be obtained for the phases [12] :
where θ et is the phase difference of the CW from the CE to T t , f is the carrier frequency of the transmitted signal and θ h is the phase change that is induced by the backscattering hardware.
Using (1) and (2) above, the relative phase difference θ d between the two superimposing signals at T r is expressed as [12] 
Let A 0 and A 1 represent the signal amplitudes that are received by the envelope detector at T r over ''0'' and ''1'' bits, respectively. Then, the following relations can be derived as
and
The phase cancellation arises when A 0 = A 1 . In this case, T r cannot demodulate the signal that is sent from T t . From the above equations, it is possible to determine that the phase cancellation takes place when the following condition is met:
The phase cancellation phasor diagrams in Fig. 2 illustrate the signals that were received at T r if the phase cancellation occurs. The resultant magnitudes A 0 and A 1 , received at T r in the two symbols, are obtained by adding the two vectors that represent the corresponding signals that were received from the CE and T t over the two symbols.
III. MITIGATION OF THE PHASE CANCELLATION BASED ON PHASE ROTATION CONTROL A. OPTIMIZE VALUES OF θ d WHEN RECEIVING INFORMATION SIGNAL
We propose an algorithm in which the Tx tag T t sets an optimal value of θ d . θ d should be set to the maximum value of A which is the difference ratio of the received amplitudes of the 0-bit signal and the 1-bit signal, namely
From (7), the relative phase difference θ d for maximizing A is given by
In Fig. 3 , (8) is illustrated as a dotted arrow line. The phase cancellation area is illustrated as a gray region and A E is the received signal amplitude when the CE transmits the CW. And A 0 t and A 1 t are amplitudes of the received signal when T t transmits symbol ''0'' and ''1'', respectively. The A 0 and A 1 represent the superimposed signals of A 0 t and A 1 t imposed on A E , respectively.
B. OPTIMIZE VALUES OF θ d WHEN RECEIVING HARVESTING SIGNAL
When the tag performs energy harvesting, the amount of the received signal power becomes the most important factor unlike when transmitting information only. The gray region in Fig. 4 is the phase cancellation area. A E is the signal generated by the CE, and A h t is the signal reflected by the backscatter tag. The backscatter tag's reflection causes a weaker signal compared with the conventional signal, thereby reducing RF energy harvesting efficiency. Therefore, the signal must always be transmitted in the direction of the blue arrow to achieve the maximum efficiency such that
According to (8) and (9), it is shown that θ d for the maximum amplitude efficiency is determined as
Fig . 5 illustrates the phasor diagram where the Tx tag transmits a signal with maximum amplitude efficiency. By performing (10) and transmitting the two bold arrow lines (the amplitudes A 0 and A 1 of the waveforms), the proposed algorithm can not only maximize the amplitude difference of the modulated signals to improve the BER performance, but also maximize their amplitudes for efficient RF energy harvesting. Fig. 6 illustrates the function that the phase delay circuit performs in the proposed algorithm. Fig. 6(a) and Fig. 6 (b) VOLUME 6, 2018 show amplitude of received waveforms without and with PRC, respectively.
C. FUNCTION OF PHASE DELAY CIRCUIT
The Rx tag simultaneously receives the CE's signal as well as the Tx tag's signal. Since the Rx tag demodulates the signals using the envelope detector, the two signals must be demodulated using the combined signal.
In Fig. 6(b) , the phase delay is performed on the Tx tag T t . As a result, the peak amplitude is increased by combining with the CE's signal. We can see that the phase delay circuit can increases amplitude of the received signal.
The θ h in (3) can be modified as follows:
where θ pdc is the phase change to be induced by the phase delay circuit, θ hw is the phase change to be induced by the other hardware of tags, and t d is the delayed time indicated by the green line in Fig. 6 (b) . We found that the maximum efficiency of θ d is 0, 2π, 4π, . . .} as given in (10), and (3) and (10) can be rearranged as follows:
for n = 0, 1, 2, . . . The above equation can be described for t d as follows:
determined by distance between tags and CE +θ hw (13) for n = 0, 1, 2, . . . If t d is set to (13), the backscatter tags can transmit and receive the signal with maximum A.
D. PROPOSED ALGORITHM: PHASE ROTATION CONTROL (PRC)
In this paper, we propose the PRC algorithm to solve the phase cancellation problem. Fig. 7 shows the PRC algorithm where A is the amplitude difference of the current and previously received signals, B c is the information bit including the amplitude difference A to inform the Tx tag that the phase should be delayed to mitigate the phase cancellation, and λ c refers to a predefined threshold to determine the occurrence of the phase cancellation through comparison of λ c and A. As λ c is increased, the communication distance of the tag-totag communication is decreased, but the BER performance is improved, and vice versa. When the algorithm starts, the Rx tag calculates the amplitude difference A using (7) in the ''Calculate A'' block. Here we have assumed that the Rx tag receives the backscattered signal from the Tx tag. And the Rx tag transmits A on the specially allocated information bit B c to the Tx tag through the channel g so that the Tx tag can perform the phase rotation (phase shift) to get out of the phase where the phase cancellation occurs. Note that the tag-to-tag communication considered herein can perform two-way communication [4] , and g represents the channel from the Rx tag to the Tx tag. When the Tx tag receives the information bit B c , the Tx tag checks whether the phase cancellation occurred through comparison of A and λ c , and then calculates an amount of phase to be shifted if the phase cancellation occurs.
If A is less than λ c , the Rx tag decides that the phase cancellation occurs and cannot demodulate the signal correctly. To perform the proposed PRC algorithm, we have assumed that the Rx tag and Tx tag are equipped with the MCU to calculate A and t d using (7) and (13), respectively, and phase rotation can be performed by porting the phase delay circuit [20] (with only passive elements) to the Tx tag. When the algorithm is performed to ''transmit signal'' block, the Tx tag can transmit its signal to not cause the phase cancellation by the phase rotation. Fig. 8 shows how the proposed phase rotation control algorithm works in time and at each tag. It shows which operations are performed at each tag and what information is transmitted or received from each other in time flow. When the scenario starts, the Tx tag transmits signals to the Rx tag. The Rx tag calculates the amplitude difference A from the received signals and transmits A to the Tx tag on B c . The Tx tag calculates the optimal amount of the phase to be delayed, (13) to perform the phase rotation. In phase rotation block, the phase of the signal from the Tx tag is delayed with the phase delay circuit [20] . Finally, the Tx tag can transmit signals without the phase cancellation.
E. ENERGY EFFICIENCY OF PROPOSED ALGORITHM
The previous work [12] have solved the phase cancellation problem by sending the same signal twice over different impedance antennas. Since the solution of [12] can result in low energy efficiency for tag-to-tag communications, in this work, we proposed the phase rotation control algorithm transmitting the signal just one time but shifting the phase of the signal by a proper phase where the phase cancellation does not occur. This way the energy efficiency of the proposed system can be improved, compared with that of [12] . According to Shannon's formula, the energy efficiency for each algorithm can be formulated as follows:
where EE PRC and EE other denote the energy efficiencies of the proposed and other algorithm [12] , p tx is the power consumption when the tag transmits signals and p circuit is the power consumption by electric circuit of backscatter tags. In (14) , the numerator W log 2 (1 + SNR) and the denominators represent the channel capacity and the power consumption, respectively. The proposed and other algorithm [12] have the same channel capacity but p tx is doubled in [12] . This implies that the proposed PRC algorithm can achieve higher energy efficiency compared with the other algorithms, namely E PRC > EE other .
F. IMPLEMENTATION OF THE PROPOSED ALGORITHM
In Fig. 9 , we propose a hardware design for implementation of the proposed phase rotation control algorithm at the backscatter tag equipped with a single antenna. In the proposed algorithm, since the 1-bit signal and the 0-bit signal are transmitted once, only two impedances are required as shown in Fig. 9 . And we use ''a low-power MCU'' to calculate the phase delay, t d , in (13) , and ''Phase delay circuit [20] '' to perform the phase shift at the Tx tag to mitigate the phase cancellation. of the received signals ''0'' and ''1'' bits, A. It is observed that the communication range can be up to about 0.4m from Fig. 10(a) , and that can be up to 0.7m from Fig. 10(b) with the different λ c when the proposed algorithm is applied. On the other hand, if the algorithm is not applied, it is observed that the communication range is considerably reduced since the first distance that A is lower than λ c appears much faster than that when the proposed algorithm is applied. Or the area where the communication is possible, and the area where the communication is not possible, become sparse. Note that the phase cancellation occurs when A < λ c . Fig. 11 shows the amplitude of the received signals with and without the proposed PRC algorithm. It can be seen that the amplitude of the proposed algorithm increases while the algorithm is iteratively operating, and the amplitude is saturated after the algorithm repeated enough. The reason for an increase in amplitude when the algorithm is applied is that the amplitudes of 0 and 1 bits are maximized, so that the amplitude difference is also maximized based on (10) and (13) . As the amplitude of the received signals increases, the energy harvesting rate can be increased. Fig. 12(a) and Fig. 12(b) show the phase cancellation rate (the possibility of the phase cancellation) with and without the proposed PRC scheme according to different λ c . We can see that the phase cancellation rate is significantly reduced to a certain communication range when the algorithm is applied. Especially, it is shown that the proposed PRC algorithm outperforms within the range less than 1 meter. Fig. 12 shows that the proposed PRC scheme can effectively reduce the phase cancellation problem. Fig. 13 compares the BER performance versus SNR for the proposed and other schemes [12] with λ c of 0.2. It can be seen that the BER performance when the proposed technique is applied is significantly improved over that when it is not applied. The schemes proposed in [12] and in this paper yield almost the same BER, but the proposed algorithm is more energy efficient than that of [12] since it is designed to transmit the signal only once, not twice.
IV. SIMULATION RESULTS

Fig
V. CONCLUSIONS
In this paper, the phase cancellation problem in the tag-totag communication systems was addressed. In these systems, a Rx tag receives superimposed signal from the CE and the Tx tag. The superimposed signal can cause the phase cancellation problem where the Rx tag cannot perform decoding. We investigated the phase cancellation problem that can occur in ASK modulation environments and proposed the PRC algorithm to effectively circumvent this problem. From the simulations results, it was confirmed that the proposed PRC algorithm can significantly mitigate phase cancellation problem and it can find its applications in various wireless backscatter communication systems. 
